Total knee prostheses are routinely redesigned to improve performance, longevity, and to closer mimic the native kinematics of the knee. Despite continued improvements, all knee implants, even those with proven design features, have failures. We identified a cohort of patients with isolated tibial component failures that occurred in a popular and successful knee system. Our purpose was to (1) characterize the observed radiographic failure pattern; (2) investigate the biologic response that may have contributed to the failure; and (3) to determine if the failure mechanism was of a biological or a mechanical nature. Twenty-one knees from 19 patients met the inclusion criteria of isolated tibial component failure in a single knee implant system. Radiographs from the primary and revision knee surgery were analyzed for implant positioning and the failure pattern. Inflammatory biomarkers interleukin (IL)-1β, IL-6, and tumor necrosis factor (TNF)-α were available in 16/21 knees and peripheral CD14 þ /16 þ monocytes were measured in 14 of the aforementioned 16 knee revisions. Serum CD3, CD4, and CD19 were measured in 10 of the aforementioned 14 knees. Additionally, white blood cell (WBC) count, erythrocyte sedimentation rate (ESR), and C-reactive protein (CRP) were measured to rule out infection as a cause of the cytokine upregulation. Radiographic findings demonstrated that all of the 21 tibial components were implanted in either neutral or 2 to 3 degrees varus in the coronal plane, and none of the revisions was implanted in valgus. All tibias showed obvious radiographic loosening and the implant failed into varus. The inflammatory biomarkers IL-1β, IL-6, and TNF-α were negative. WBC, ESR, and CRP were normal. Serum CD3, CD4, and CD19 flow cytometry analyses were found to be in the normal range. Peripheral CD14 þ /16 þ and total CD16 þ monocytes measurements were consistent with previous findings of patients with osteoarthritis, rather than particulate-induced inflammatory loosening. The findings support the implant failure observed in our study occurred by a different mechanism than the wear debris-induced aseptic loosening. We believe that a mechanical failure
Total knee arthroplasty (TKA) is a popular and effective treatment for those who suffer from end-stage arthritis. [1] [2] [3] [4] Based on population samples and growth in the United States, it is projected that the number of TKAs will increase 673% and revision TKA to increase 601% by the year 2030. 5 Knee implant designs continue to evolve with the aim of better reproducing the kinematics of the natural knee, to allow increased flexion, and to improve implant fixation and longevity. The desire to improve kinematics led to the creation of a single-radius femoral component design that was introduced by Stryker Orthopaedics in 1996. The Stryker Scorpio Single Axis Knee System offered a constant center of rotation throughout the range of motion with the goal of providing uniform ligament tension during the transition from extension to flexion. The Scorpio Knee was quite successful and had clinically satisfactory outcomes compared with other knee systems on the market. [6] [7] [8] [9] [10] [11] [12] [13] [14] Despite its popularity and generally excellent outcomes, there were a few reports of early tibial failures due to aseptic loosening (AL). 11, 13 AL has been described as a slowly advancing process in which biomaterial wear debris creates an inflammatory response, albeit low grade. 15 Polymethylmethacrylate (PMMA) and polyethylene particulates elicit macrophage-mediated inflammatory responses that are characterized by increased release of tumor necrosis factor (TNF)-α, interleukin (IL)-1β, and IL-6. [16] [17] [18] [19] Additionally, the inflammatory mediators, peripheral CD14 þ /CD16 þ monocytes, CD3, CD4, and CD19 lymphocytes produce a panel of proinflammatory cytokines. These cytokines are of central importance in the pathogenesis of inflammatory diseases including implant loosening. [20] [21] [22] [23] [24] [25] Interestingly, the pattern of failure and tissue response of the failed Scorpio tibial components described herein did not appear to demonstrate the usual characteristics of AL resulting from wear debrisinduced inflammation. Therefore, we set out to investigate the biologic response in a unique cohort of 19 patients (21 knees) who exhibited isolated failure of the tibial component. Intraoperatively, the failure pattern was unusual because the tibial component appeared to be a "debonded" from the cement rather than having the more typical wear debris-associated pattern of AL and/or failure at the bone-cement interface. Our purpose was to (1) characterize the observed radiographic failure pattern; (2) investigate the biologic response that may have contributed to the failure; and (3) determine if the failure mechanism was of a biological or a mechanical nature.
Methods
Study approval was obtained through the hospital's Institutional Review Board; 19 patients (21 knee revisions) met the criteria of having a revision of a Stryker Scorpio PS Knee arthroplasty as a result of isolated tibial component failure. All primary and revision knee arthroplasty procedures were performed by the senior investigator. All primary and revision implants were cemented using the Stryker Simplex P cement. Cement was mixed in a vacuum mixer per manufactures recommendations. The bone was cleaned with pulse lavage and dried. The proximal tibia was coated with cement and the cement was pressed evenly into the bone. 26 The cement was also coated onto the entire keel of the tibial component. The implants were impacted into the tibia and compression was maintained across the joint during curing phase of cement with leg in extension.
At the time of revision, the retrieved tibial components underwent gross visual inspection for patterns of wear and/ or fracture. The primary TKAs occurred between 1999 and 2009 and revision surgery occurred between 2008 and 2015. Medical and radiographic patient data were retrieved from the hospital and office charts. Patient demographics such as age, gender, body mass index (BMI), date of primary surgery, and date of revision surgery were obtained.
Radiographic Analysis
Standing knee radiographs were retrieved from the initial postoperative office visit following the primary TKA to determine if the tibial implants were placed in a neutral, varus, or valgus position. The alignment of the tibial component was evaluated by anteroposterior and lateral radiographic views. The angle of the tibial component was measured from the tibial base to the mechanical axis of the tibia using a goniometer either electronically through the radiographic viewing program or by hand with physical film. Additionally, patient radiographs taken just prior to the revision TKA were reviewed for signs of osteolysis and patterns of implant loosening. All radiographs were reviewed and the findings were recorded by the primary and senior authors.
Biologic Response Analysis
Peripheral blood was collected prior to revision surgery for white blood cell (WBC) count, erythrocyte sedimentation rate (ESR), and C-reactive protein (CRP) levels. Whole blood and serum samples obtained at the time of surgery were analyzed by flow cytometry and enzyme-linked immunosorbent assay (ELISA). Additionally, joint fluid and tissue cultures were collected intraoperatively at the time of revision surgery to rule out infection as a cause of failure.
Flow Cytometry: Monocytes were characterized based on staining for CD14 and CD16 markers. B cell lymphocyte numbers were determined by CD19 expression and T cell can occur based on our findings. The loosening, collapse, and debonding from the cement may have been related to the implantation technique, stresses due to favorable rotational freedoms of the implant, or patient characteristics/behavior. Continued exploration into implant failure mechanisms and particularly into the biologic response associated with failure is ongoing. lymphocyte numbers were determined by CD3 and CD4 expression. Staining of whole blood samples was done per lysing reagent manufacturer's procedure. Briefly, 100 µL of whole blood was incubated with various antibodies for 20 minutes. Red blood cells were lysed, and then neutralized with reagents from the ImmunoPrep Reagent System (7546946, Beckman Coulter, Brea, CA) while vortexed for 12 seconds each. Antibodies used were fluorescein isothiocyanate (FITC) mouse antihuman CD14 (peripheral blood monocytes), (clone M5E2, 555397, BD Pharmingen, San Diego, CA), phycoerythrin (PE) mouse antihuman CD16 (peripheral blood monocyte) (clone 3G8, 555407, BD Pharmingen), PE-Cy mouse antihuman CD4 (T-helper cells) (clone SK3, 348789, BD Biosciences), FITC mouse anti-human CD3 (T cell) (clone UCHT1, 11-0038, eBioscience San Diego, CA), and PE mouse antihuman CD19 (B cell) (Clone HIB19, 12-0199, eBioscience). Blood samples were collected on a BD Accuri C6 flow cytometer. Data were analyzed using the BD Accuri C6 software. Based on forward versus side scatter plots, gates were created to include only monocytes or lymphocytes. Unstained controls and samples lacking only the antibody of interest were used to create markers distinguishing negative-and positive-stained samples.
ELISA: TNF-α, IL-1β, and IL-6 were evaluated with ELISA. The following ELISA kits were used: TNF-α (DTA00C, R&D Systems, Minneapolis, MN), IL-1β (557966, BD Bioscience, San Diego, CA), and IL-6 (DY206-05, R&D Systems). ELISA assays were performed according to manufacturer's instructions and plates were read using a BioTek Synergy HT Microplate photometer along with BioTek KC4 software.
Results
Fifteen female and 4 male patients met the inclusion criteria (►Table 1). The mean age at the time of revision surgery was 68 AE 9.0 years (range: 55-86 years), and mean BMI was 35 AE 6.3 (range: . The mean number of years before revision surgery was 6.8 AE 3.2 years (range: 2.3-14.4 years). All patient underwent primary TKA using the standard medial parapatellar approach and were implanted using PMMA.
Radiographic Assessment
Radiographic imaging immediately following the primary TKA was available in 17/21 knees (the missing four films had been purged from the system). Of these 17 cases, 12 were implanted in slight varus (2-3 degrees) and 5 knees were implanted in a neutral position. Prior to revision surgery, anterior-posterior and lateral radiographs were reviewed for all 21 knees. All of the patients showed collapse of the tibial component into varus, with collapse of the medial cortex and 
Flow Cytometry
To assess if there were differences in inflammatory monocyte populations compared with historical AL or mechanical failure patients, peripheral blood leukocytes of 14 patients were stained with CD14 and CD16 antibodies to analyze the percentage of inflammatory monocytes (10 patients were available for a preliminary experiment to analyze the percentage of T cells, B cells, and memory vs. naïve CD4 þ T cells). As shown in ►Fig. 3, the mean percentage of inflammatory CD14 þ CD16 þ monocytes was 6.37 AE 2.72% (SD). When combined with CD14 þ CD16 þ population, the mean percentage of the total CD16 þ inflammatory monocyte population was 18.08 AE 6.79% (SD). No association was observed between any of the inflammatory monocytes measured among ESR, CRP, and IL-6 levels (data not shown). Analysis of CD3 þ T cell and CD19 þ B cell lymphocyte percentages and numbers (►Fig. 4) was within normal ranges. 27 A range of percentages were observed for CD4 þ T cell naïve, effector memory, and central memory cells (►Fig. 4). 27 There was no association between naïve and/or memory cell percentages to inflammatory monocytes or other inflammatory markers evaluated.
Discussion
The Scorpio knee system has had great clinical success and may serve as an example of an excellent knee design. Unfortunately, all implants designs have some failures. In the small cohort of patients studied herein, the lack of inflammatory markers implied that the mechanism of loosening was different than what is typically described in particle-induced AL. This cytokine and tissue response was relatively benign and would not indicate an inflammatory (AL) pattern of loosening. Previous publications have observed isolated failures of the Scorpio tibial component. 6, 7, 10, 11, 13 Based on their findings, it appeared that the majority of failures occurred at the cement-bone interface. Martin implant design, and/or cement preparation. Their revisions occurred at an average follow-up of 17 months (range: 9-31 months). While the most likely explanation for "early" mechanical loosening is surgical and/or cementing technique, our cohort had revisions at an average of 6.8 AE 3.2 years that suggests that late mechanical loosening can occur at any time point. Our study aimed to investigate whether this unique failure pattern and patient cohort had an inflammatory response that may have exacerbated or contributed to the failure. In that way, this is the first study of its kind. The biologic analysis indicated that the failure pattern was not that which is typically seen in inflammatory-induced loosening where patients have elevated levels of IL-1, TNF-α, and IL-6. The levels of inflammatory markers IL-1 and TNF-α were low in our patient cohort. The serum IL-6 levels in were 130.96 AE 72.75 (SE) pg/mL (range: 0-1,182 pg/mL) with a median value of 31 These data would similarly point to a mechanical failure pattern.
The study is not without limitations. While the data were collected prospectively as part of a larger revision database collection protocol, the current study data were retrieved to evaluate what appeared to be a small, but unique, cohort of patients. As a result, not all of the patients had complete flow cytometric data. Also, the alignment presented in our study was obtained using short leg films. Although, short leg films can address tibial component alignment in comparison to tibial shaft, this should not serve as a surrogate to overall limb alignment. Finally, we were not able to present a control group with our results because the inflammatory biomarkers were only collected at the time of revision surgery. We, therefore, did not have inflammatory biomarker profiles on patients with functioning Stryker Scorpio knees, but the variation of the biomarker profile when compared with knees that failed as a result of wear debris was evident. Of note, this was a very small group of failures from at least 2,000 Scorpio implants performed by the senior author during the collection period. Unfortunately, we are unable to present an accurate revision rate for the implant system as we did not have a state-wide registry at the time. The anecdotal revision rate was as noted, low, with these cases derived from a primary series in excess of 2,000. The data on the revisions represented herein were obtained from our laboratories revision data bank that contained 157 cases that were contributed by the senior author in the same time period.
Our purpose was to characterize the radiographic failure pattern, investigate the biologic response, and determine if the failure mechanism of these implants was of a biological or a mechanical nature. The failure pattern was consistently tibia vara and the loosening mechanism seemed to be mechanical based on the variation in the inflammatory biomarker profile. The biologic response was rather benign and did not resemble that typically seen with wear debrisinduced inflammation. Continued exploration into implant failure mechanisms and particularly into the biologic response associated with failure is ongoing. The data herein offer some insight into a unique cohort of patients with what appeared to be an unusual mechanical failure pattern. The lessons may be applied to other implants moving forward.
Conclusion
A small and unique patient cohort was identified with tibial implant failure. We speculated based on the findings presented in this article that the failure mechanism was mechanical, as there was lack of the characteristic biological response seen in wear debris-induced AL. We theorize that tibial component failure may be related to surgical or cementing technique, stresses due to the knees favorable rotational nonconstraints, or patient characteristics and behavior.
